Au 18 is a unique gold cluster in that, in the gas phase, two distinct isomers, namely, golden hollow-cage and golden pyramid, can coexist (ACS Nano, 2009, 3, 1225. We perform a Born-Oppenheimer molecular dynamics (BOMD) simulation to confirm the structural stability of the two isomers at ambient temperature. Most importantly, we study the possible structure conversion between the two isomers when they are soft-landed onto a rutile TiO 2 (110) surface. Our BOMD simulation indicates that the Au 18 cluster can undergo a transition from pyramidal to a hollow-cage structure during soft landing onto the rutile TiO 2 (110) surface at ambient temperature, suggesting the high selectivity of the hollow-cage structure over the pyramidal structure in realistic soft-landing experiments.
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Au clusters and nanoparticles have been intensively studied due to their exceptional catalytic activity towards numerous reactions, including CO oxidation, [1] [2] [3] [4] [5] [6] thiophenol oxidation, propylene epoxidation 7 and the water-gas shift reactions. 8, 9 One feature focused on in experimental and theoretical studies has been the size-and structure-dependent catalytic activity of Au clusters with or without metal-oxide support. It has been recognized that the catalytic activity of supported Au clusters can be strongly correlated with the local structure at the Au-TiO 2 interface. In reality, however, the local structure at the Au/support interface depends on the kinetically relaxed structure of the Au cluster after landing or growing on the support, or on the preparation method and environmental conditions. One experimental approach that has been used to prepare precisely controlled Au cluster/support systems for nanocatalysis studies is the so-called soft-landing, in which the clusters are size-selected through mass spectrometry. [10] [11] [12] [13] [14] [15] During the soft landing process, structural deformation of the Au clusters may occur after collision with the support. 15, 16 Significant structural deformation may dramatically affect the contact area between the Au clusters and the support, thereby leading to different catalytic activities. Ab initio molecular dynamic simulation of the softlanding process of sub-nanometer gold clusters not only allows us to monitor the time-dependent structure evolution of the Au clusters on the surface of the metal oxide support but also allows us to assess the structural stability and possible structure transition of different isomers at different temperatures.
In a recent study, we have shown the high catalytic activity of the hollow-cage Au 18 (Au 18-cage ) cluster soft-landed onto a rutile TiO 2 (110) surface, as well as the high structural stability of the hollow-cage Au 18 cluster during collision with the rutile TiO 2 (110) surface or in the reaction environment of CO oxidation. 16 Nevertheless, besides the hollow-cage isomer, the pyramidal isomer (Au 18-pyrd ) is another abundant isomer in gas phase reactions although it is much less active towards CO oxidation. [16] [17] [18] [19] From the standpoint of increasing the catalytic activity, it would be desirable to convert the pyramidal isomer to the hollow-cage isomer for Au 18 . To explore this possibility, we simulate the soft-landing process of Au 18-pyrd onto the rutile TiO 2 (110) surface. Interestingly, our BOMD simulation shows that the structural transition of Au 18 from pyramidal to the hollow-cage can occur during the soft-landing process onto the rutile TiO 2 (110) surface at room temperature. Our BOMD simulation is performed on the basis of the density functional theory method in the form of Perdew-Burke-Ernzerhof (PBE) functional, implemented in the CP2K code. [20] [21] [22] A mixed
Gaussian and plane-wave (GPW) basis set with the GoedeckerTeter-Hutter (GTH) pseudopotential is adopted to treat the interaction between the core and valence electrons. 21, 22 The plane-wave energy cutoff is set as 280 Ry. The energy convergence is set to 1.0 Â 10 À7 a.u. so that the total energy drift does not exceed 0.67%
The slab contains 12 atomic layers with the top six atomic layers free to relax while the bottom six atomic layers are fixed at their lattice position. To simulate the soft-landing process, a neutral Au 18-pyrd cluster is initially located B5.0 Å above the rutile TiO 2 (110) surface so that only weak dispersion interaction exists between the Au cluster and the rutile TiO 2 (110) surface. The initial thermal velocities of the atoms of the Au cluster and the top 6 atomic layers of the TiO 2 substrate are given based on the Boltzmann distribution at 298 K. Then, the velocities of the Au atoms along the z direction (perpendicular to the rutile TiO 2 (110) surface) are reset so that the initial relative velocity (n z ) between the Au cluster and the TiO 2 support is B207 m s
À1
. The sum of the thermal kinetic energy and translation kinetic energy of the Au cluster amounts to B0.1 eV per atom, satisfying the soft-landing conditions (in experiments, the kinetic energy in the range of 0.02 to 0.2 eV per atom is typically used for soft landing of nanoparticles onto hard surfaces, i.e., oxide surface). 12, 13, [23] [24] [25] [26] [27] In the size-selection step involved in all softlanding experiments, the Au clusters must carry a charge. 27, 28 It is expected that during the soft-landing, the charge would be lost to the support, leaving the charge of the Au clusters neutral. 29, 30 Hence, in our simulation, the neutral Au cluster is selected. The BOMD simulation is performed in the constant-energy, constantvolume (NVE) ensemble with a timestep of 1.0 fs. Snapshots at several stages of the BOMD simulation, timeevolution of the Kohn-Sham (KS) energy and the temperature of the Au 18 /TiO 2 system are displayed in Fig. 1 . As shown in Fig. 1a , energy conversion from the kinetic energy to KS potential energy can be seen in the following three time intervals: collision period (B1-4 ps), structure transition period (B18-27 ps), and posttransition period (>27 ps). In the collision period, the Au 18 cluster starts to collide with the TiO 2 surface at B1 ps and structural deformation is induced. During this period, the temperature decreases first and then increases while the KS potential energy increases first and then decreases. The structure of Au 18 continues to evolve due to the deformation. At B20 ps, the potential energy starts to increase with a concomitant decrease in the temperature.
Such energy conversion corresponds to the structure transition of the Au cluster to the hollow-cage structure. The increase in the KS potential energy manifests the climbing of the energy barrier that is required to complete the structure transition from pyramidal to the hollow-cage. Upon the structure transition, the Au 18 cluster starts to shift along the (100) direction and even flips over on the TiO 2 surface (ESI, † Movie S1), manifested by post fluctuation of the KS energy and the kinetic energy. Subsequently, no further structure deformation is observed upon the formation of the hollow-cage structure at B27 ps, indicating the higher stability of the hollowcage Au 18 isomer over the pyramidal isomer after the soft landing.
To further confirm the occurrence of the structure transition, we calculate the minimum distance of the Au atom that is closest to the center of the mass (COM) of the Au 18 cluster, and the number of Au atoms within 2.40 Å of the COM of the Au 18 cluster at each time step during the BOMD simulation. The two quantities are denoted as R For the purpose of comparison, we performed a BOMD simulation to compute the radial distribution functions (g(r)) of the Au-COM distance for both the hollow-cage and pyramidal Au 18 clusters in the gas phase (see Fig. 3 ). The simulation was carried out in the constant-volume and -temperature (NVT) ensemble with the temperature controlled at B300 K. As shown in the ESI, † movies S2 and S3, both gas-phase Au 18 isomers can maintain their original structures with little structure deformation at least within 20 ps of the BOMD simulation, indicating the thermal stability of both gas-phase clusters. In their g(r) functions, three main peaks are observed, which are corresponding to the inner-, middle-and outer-shell Au atoms, respectively, as depicted in Fig. 3b. In Fig. 3a , we also plot computed radial distribution functions g(r) of the Au-COM distance over three time periods: the pre-collision period (t o 1 ps), the structuretransition period (18 ps o t o 27 ps), and the post-transition period (t > 27 ps). Comparison of the three g(r) functions illustrates the structure evolution of the Au 18 cluster during the soft-landing process. Before the collision, three peaks are located at B1.846, B3.315 and B4.822 Å. These peaks are mostly consistent with those shown in the g(r) of the bare Au 18-pyrd cluster, although the long-range interaction between the Au 18 cluster and the rutile TiO 2 (110) surface results in splitting and left shifting of the first peak. The structure deformation induced by the collision leads to the outer-shell shifting of Au atoms as reflected by the lowered first peak from the pre-collision to the structure transition stage. As a result, the g(r) in the structure transition stage shows structural features of both the Au 18-pyrd and Au 18-cage clusters. In the post-transition stage, the peak at B1.846 Å disappears. Instead, a peak at B2.749 Å is seen. This apparent shifting of the first peak to a longer distance by B0.903 Å signifies expansion of the empty core region with the radius increasing from B1.741 to B2.413 Å (the values are taken from the half-height positions of the first peak). On the contrary, the peak originally located at B4.822 Å is lowered by half in height, and shifts to a shorter-distance range. This results from the disappearance and the inner-shell shifting of the two corneratoms in the pyramidal structure (blue Au atoms in Fig. 3b) . Such changes result in a good agreement between the g(r) of the Au-COM distance with that of the bare Au 18-cage cluster, confirming the formation of a hollow-cage structure in the post transition period. Here, the variation of the g(r) function of the Au-COM distance illustrates the structure evolution of the Au 18 cluster from the pyramidal to the hollow-cage structure during the soft-landing process.
To understand the origin of the transition from the pyramidal to the hollow-cage structure, we have computed the time evolution of the total energy of the Au 18 cluster during the soft-landing process (Fig. 4) . From the energy evolution of the Au 18 cluster, an energy barrier is seen from the pyramidal to the hollow-cage structure. The collision between the Au 18 cluster and the rutile TiO 2 (110) surface assists the surmounting of this energy barrier to trigger the structure transition. In addition, the Mulliken charge analysis indicates that the Au 18 cluster is positively charged during 2-16 ps due to electron transfer from Au to the surface oxygen atoms. Our DFT calculation shows that the pyramidal Au 18 cluster with a positive charge is less stable than the positively charged hollow-cage Au 18 cluster by B0.15 eV in energy. In other words, the electron transfer from the Au cluster to the TiO 2 surface can also destabilize the pyramidal Au 18 cluster. Hence, the observed structure transition is likely resulted from a combined effect of the collision and the charge transfer between the Au 18 cluster and the TiO 2 surface.
To further confirm the pyramid-to-cage transition, another two independent BOMD simulations (denoted as Run 2 and Run 3) of the soft-landing of the pyramidal Au 18 onto the rutile TiO 2 (110) surface were performed. As shown in the ESI, † Fig. S2 , a relatively stable structure is seen at B30 and B35 ps for Run 2 and Run 3, respectively. Our simulations indicate that the stable structure seen in both BOMD runs is the distorted hollow-cage structure (see Fig. 5a ). The time-evolution of R Fig. 5c ) suggests that the Au atoms tend to shift to the outer shell. Such an outer-shell shifting behavior is consistent with the formation of an empty core region with a radius of B2.435 Å, and with the time evolution of R min Au-COM . As shown in both runs, collision of the Au 18 cluster with the rutile TiO 2 (110) surface leads to the formation of a hollow-cage structure.
As aforementioned, the pyramidal and hollow-cage structures are the two dominant structures for the mass-spectrometry selected Au 18 clusters in the gas phase. Our previous study had shown that the hollow-cage Au 18 cluster exhibits a much higher catalytic activity towards CO oxidation than the pyramidal isomer. 16 Also, the BOMD simulations have demonstrated that the hollow-cage isomer can maintain its structure not only during the soft-landing process, but also in the reaction environment of CO oxidation. Hence, in realistic soft-landing experiments involving Au 18 clusters, the hollow-cage isomer is expected to be the most popular isomer and should play a dominant role in the high catalytic activity of the rutile TiO 2 (110) supported Au 18 clusters.
In conclusion, we have simulated the soft-landing process of pyramidal Au 18 onto the rutile TiO 2 (110) surface by using the large-scale BOMD simulations. All three independent BOMD simulations show that collision of the Au 18 clusters with the TiO 2 surface leads to the outer-shell shifting of the Au atoms, thus resulting in the formation of a hollow-cage structure. Such a structure transition from the pyramidal isomer to the hollowcage isomer indicates that the Au 18 clusters tend to exhibit the hollow-cage structure after soft-landing onto the rutile TiO 2 (110) surface. In view of the higher catalytic activity of the hollow-cage Au 18 clusters, the conversion of the pyramidal isomer to the hollow-cage isomer through soft-landing is quite desirable. Our simulation also suggests that the size selection through massspectrometry combined with soft-landing of the Au clusters on the rutile TiO 2 (110) surface offers an effective experimental approach for isomer-specific nanocatalysis studies.
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